The Maxima is a new universal breathing system, which, despite its being valveless, functions with near maximal efficiency in spontaneous and controlled ventilation.
The functional characteristics of this valveless, nonabsorber system suggest that it is a single universal system (not a combination of systems) with maximal efficiency in all modes of ventilation l • 3 • It is postulated that, in controlled ventilation, this system is more efficient in the use of fresh gas than the Bain system by a magnitude which would suggest that a major part of the exhaled deadspace gas is re-utilized.
The characteristics of the Bain system have been well defined under conditions of mild hyperventilation producing a fractional utilization of fresh gas (FU) (or VAe/VF where VAe=effective alveolar ventilation) during controlled ventilation of approximately 0.70-0.72' which is similar to that of a non-rebreathing system, where the dead space gas is never re-utilized. For instance, if the deadspace ventilation divided by total ventilation (VD/VT) is > 0.3, the value for FU can only be >0.7 in a breathing system if re-utilization of deadspace gas occurs.
METHODS
Permission to perform the study was granted by the Hospital Ethics Committee and the patients or their parents gave informed consent. The VF requirement to achieve end-tidal CO 2 of 5070 at the outlet of the tracheal tube was assessed during general combined with regional anaesthesia in 40 lower limb or hip surgery procedures (24 patients > 50 kg and 16 < 50 kg), using the Bain and Maxima breathing systems in controlled ventilation.
All patients were ASA grades 1 or 2. Their ages ranged from 1 to 76 years with a mean of 35 years. All received an oral dose of midazolam (0.5 mg.kg-l; maximum 15 mg) for premedication 45 to 60 minutes prior to surgery. Anaesthesia was induced, trachea intubated and general anaesthesia maintained using halothane (0.5-1070) and nitrous oxide (60-70070) in oxygen. An epidural anaesthetic technique (caudal epidural in all but two of the cases) using 0.7 ml.kg-I of a 0.25070 solution of bupivacaine HCI was employed for analgesia. Both adults and children were ventilated without muscle relaxation, with tidal volumes and respiratory rates appropriate to the age of the patient. The resultant level of ventilation was greater than 1.5 times the value recommended by the Radford nomogram 5 • A time-cycled Bird mark 11 ventilator combined with a Ventviva descending bellows and pressure limitation (15-20 cm water) was used in the children, and an Ohmeda 7000 ventilator (without the 15-25 cm pressure limitation), was used in the adults. The expired tidal volumes were measured using an Ohmeda volumeter with a rotary transducer placed between the breathing system and the tracheal tube, which was calibrated using a water displacement spirometer and various resistors appropriate to tidal volume range. The Bain and Maxima breathing systems were applied alternately and repeatedly (five changes to ensure stability) on the same patient usin~ identical inflation pressures and time settings; the VF was adjusted to achieve a concentration of end-tidal CO 2 of 5OJo. The flow meters were calibrated on all the anaesthetic machines used for the trial, using an RT200 Timeter calibration analyser.
No catheter mount was used with either system; however, in the case of the Bain system, a right-angled Portex connector (less than 5 ml deadspace) was interposed between the Bain system and the tracheal tube in order to prevent the fresh gas delivery jet effect from interfering with the capnograph readings. Endtidal CO 2 levels were sampled in the proximal endotracheal tube, which have been shown to approximate to arterial PC0 2 measurements of children 12 kg or more 6 • As respiratory rate, I:E ratio, ventilation levels and end-tidal CO 2 levels were unchanged between readings of fresh gas flow, the latter was the only variable compared and absolute CO 2 measurements were not compared. An Ohmeda 5200 capnograph was used for all the paediatric cases and Datex Cardiocap I monitor was used for the adults. The Datex Safe + Sure calibration mixture, comprising 5% CO 2 , 55% O 2 and 40% N 2 0 was used to calibrate both capnographs. The CO 2 sampling rate for both was 150 mI.min -I.
The measurements and calculated values for FU using both systems was made in a separate study containing 29 patients (20 adults > 50 kg and 9 children < 50 kg) at least 20 minutes after anaesthesia had commenced. Mixed eliminated CO 2 (FEC0 2 ) was obtained by measuring the CO 2 concentration of the gas eliminated from the systems, after it had passed through a speciaIly designed mixing chamber. The fractional concentrations of FEC0 2 and end-tidal CO 2 , which for practical purposes we shaH regard as alveol~r COt (F AC0 2 ), were measured. We know:
YC0 2 =FEC0 2 x rate of gas elimination. Assuming a respiratory quotient = I, gas elimination rate = YE FU is defined as YAe/YE Therefore, substituting 1 and 2, we get 3.
FU
RESULTS
The controlled ventilation study gave overaIl YF requirements for the Bain and Maxima breathing systems, which are recorded in Figure I , where the respective regression coefficients and standard errors (±) were weight in kgx42±4.2 min-'.kg-'
Anaesthesia and Intensive Care, Vol. 23, No. 3, June, 1995 and 35±2.9 ml.min-'.kg-' with y intercepts of 2070±660 ml.min-' and 1160±460 ml.min-' . Alternatively, a simpler way of expressing the same results meaningfuIly may be applicable to a limited weight range: e.g. for the 24 adult patients weighing 50 kg or more, the respective YF requirements for the Bain and Maxima systems were 71±12 and 52±8 ml.min-'.kg-'. For the sake of completeness, the respective YF requirements for the Bain and Maxima systems in all 40 patients were 82±24 and 57±19 ml.min-'.kg-'.
These flow requirements of the Bain system were on average 45% ± 12% greater than the Maxima system, with a range of 35 to 66% applicable from largest to smaIlest patients. The scatter of readings obtained was much smaIler for the paediatric group than for the adult group, with the coefficient r2 =0.89 and 0.92 in the Bain and Maxima for the 16 patients below 15 kg and with respective r2 values =0.48 and 0.51 for the 24 patients above 50 kg and overaH r2 values of 0.72 and 0.79.
As the two breathing systems were used on the same patients under identical conditions and as tests for normality of distribution proved acceptable for both weights and YF values, the paired t-test was applied. The difference between the sample means was 1.2 l.min -I with 99% confidence interval of 1.1 to 1.4 l.min -I; the Hest statistic was 20.6 with 39 degrees of freedom and an associated P value < 10-6 • OveraIl value for FU in a different study on 29 patients was 0.70±0.02 and 0.94 ± 0.02 for the Bain and Maxima systems respectively. Of the total of 29, FU in adult patients over 50 kg (respective mean weight and age were 65.8±14 kg and 57.3±17 years) in the Bain and Maxima system was shown to be 0.71 ±0.02 and 0.93 ±0.02 respectively. The FU in nine young patients (respective mean weight and age were 29±9 kg and 10.8 ± 2.4 years) in the Bain and Maxima systems was shown to be 0.68±0.02 and 0.95 ±0.01 respectively.
DISCUSSION
The mean VF requirement for the Bain system was greater by 45OJo ± 12OJo which is a significant difference with a paired Hest P value < 10-6 • For example in adults weighing 50 kg or more, the respective VF requirements for the Bain and Maxima systems were 71 ± 12 and 52 ± 8 ml.min. -I.kg -I. These results applicable to the Bain system are essentially no different from the findings of other workers 7 ,8. The comparison with the Bain system should therefore be valid and the postulate substantiated, that the Maxima system, to be more efficient in utilization of fresh gas than the Bain system, must cause a substantial proportion of the deadspace gas to be re-utilized.
The respective values for FU of 0.94 and 0.70 in the Maxima and Bain systems reflects a substantial difference between the two systems, which further substantiates the postulate. The method of measuring FU is based on an assumption that the respiratory quotient (RQ) is 1. If, for instance, it were to change from 1 to 0.8, in the case of an adult and a 10 kg child the value for FU would be expected to change by less than half and one per cent respectively, which is not an important difference.
From the slope and intercept in Figure 1 , it would appear that a single formula may be applicable as a guideline to flow requirements for all sizes and ages. Although there is no reason why this system may not be applied to very small children and even neonates, in this study the smallest child was 9 kg. For the Maxima system, weight in kg x 40 ml.min -I + 1200 ml.min -I would be a single formula applicable to controlled ventilation. The applicability of this simpleto-apply equation to smaller patients is yet to be evaluated. Meakin et al 9 showed that in the EAR system they evaluated VF = 0.6 x weight0 5 • From these results the same could be applied with a margin of safety.
The Maxima has an FU value of 0.93 in adults and 0.95 in children, whereas the respective values for the Bain system were 0.71 and 0.68. This result is minimally different from what has been shown by Froese and Rose in a clinical evaluation of the Bain system applied to children, where FU was found to be 0.72 and 0.70 4 . The findings in the Maxima system may be compared with the evaluation of other displacement afferent reservoir breathing systems applied to adults and children 9
-IJ • The FU value of 0.73 was measured using the Ohmeda EAR system lO in adults. Later, the same authors, when evaluating the same system applied to children, found the value of FU to be equal to 0.92 9 • They concluded that the difference in their findings must have been due to an increase in alveolar deadspace in the elderly population they had studied (mean age 69 years), and the similar findings of other workers ll ,l2
were attributed to a faulty valve. Although both explanations are reasonable, a more likely explanation, mentioned previouslyt4, which could account for the difference between adults and children, is that the kinetic energy of expired gas particles at the onset of expiration is sufficiently great in adults that it would appear to cause even a properly functioning exhaust valve (with threshold opening pressure) to open momentarily at the onset of expiration instead of during the second half of active expiration. The preferential flow F-piece in the Maxima breathing system was designed to overcome this potential problem to the extent that no valve is required, and this may be the key factor which accounts for the near-maximal efficiency characteristic.
The maximal efficiency characteristic in a breathing system would remove the need for the traditional approach of constant volume ventilators which were designed with the universal circle absorber in mind. It would enable us to know effective alveolar ventilation despite possible variations in minute ventilation l • Fresh gas flow is the only determinant of and is approximately equal to effective alveolar ventilation. The pattern and magnitude of ventilation become irrelevant when the rebreathing plateau has been reached with a maximal efficiency system. For this reason, pressure ventilation as opposed to volume ventilation may provide a safer and better alternative.
The new Maxima breathing system has been shown, with hyperventilation, to operate quite close to this ideal, with an FU value of 0.94±0.02. However, it is yet to be shown whether it will function with equal efficiency at lower levels of ventilation.
From Figure 1 , the flow requirements in patients below 50 kg appear to be more predictable as depicted by the better correlation coefficient. A likely explanation is the fact that caudal blocks are known to be more reliable in children than in adults. With imperfect analgesia amongst a few adults, metabolic rate may have resulted in a higher than basal VC0 2 • An equally likely possibility is that although the intraoperative metabolic rate of children in general (not applicable in this study because regional blockade was used) may be capable of greater variation than in adults, the variation between adults of differing ages may be even more important. The fractional difference in flow requirements between the two systems remained consistent, with the Bain system requiring a mean flow rate which was greater by 450/0 ± 12% (range 35 to 660/0 ).
With lower fresh gas requirements than in efferent reservoir systems, humidity in the system should be better. It may be better also because the exhaled gases are directed into the afferent/fresh gas supply limb. Heat and moisture exchange (HME) and moisture distribution on the tube surfaces should take place in a similar pattern to HME filters, with the driest gases upstream and the moist gases closest to the patient.
In conclusion, the Maxima system is an enclosed efferent afferent reservoir breathing system, which is shown to be capable of selective elimination of alveolar gas in controlled ventilation, i.e. to function as a near maximal efficiency system. Furthermore, in controlled ventilation, it is at least 35% more efficient in the use of fresh gas flows than efferent reservoir systems such as the Bain system. It would appear to be as suitable to use in children as in adults.
